^ 

plB. (Amended) A method for reducing voids in a metal material that has been 
electrolytically deposited into recessed microstructures defined in a surface of a 
microelectronic workpiece comprising: 

electrolytically depositing a metal to substantially fill recessed sub-micron structures 
in the surface of the workpiece; and then 

subjecting the workpiece to an annealing process at a temperature that is at or 
below about 250 degrees Celsius, the workpiece being subjected to a controlled 
temperature gradient in which the temperature decreases along a cross-section of the 
workpiece in a direction that is opposite to the direction of formation of the metal material 
during its deposition. 

JR. A method as set forth in Claim ^JS^Wherein the metal material comprises 
copper. 



38. (Canceled) 



39. (Canceled) 

jJd. A method for reducing voids in a metal material that has been electrolytically 
deposited into recessed microstructures defined on a surface of a microelectronic 
workpiece comprising: 

electrolytically depositing a metal to substantially fill recessed sub-micron structures 
on the surface of the workpiece; and then 

subjecting the workpiece to an annealing process to generate a controlled 
temperature gradient in which the temperature decreases along a cross-section of the 
workpiece in a direction that is toward the surface in which the recessed sub-micron 
structures are formed. 
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68-70. (Canceled) 

The method of Claim^36? further comprising depositing a barrier layer on the 
surface of the workp;e~ in which the recessed microstructures are formed prior to 
depositing metal to substantially fill the recessed microstructures. 

72. (Canceled) 

Ar I 

14. The method of Claim £8? further comprising depositing a seed layer, 
substantially comprised of the same metal to be deposited to substantially fill the recessed 
microstructures, onto the surface of the workpiece prior to depositing the metal to 
substantially fill the recessed microstructures. 



74. (Canceled) 

Jltf. The method of Claim J/C further comprising depositing a seed layer, 
substantially comprised of the same metal to be deposited to substantially fill the recessed 
microstructures, onto the surface of the workpiece prior to depositing the metal to 
substantially fill the recessed microstructures. 

76-116. (Canceled) 

7 

A method of processing a microelectronic workpiece having a surface 
including a sub-micron recessed microstructure, comprising: 

electroplating copper at an electroplating station to substantially fill the recessed 
microstructure and to deposit excess copper above the recessed microstructure; 

thereafter, robotically transferring the workpiece from the electroplating station 
for at least one further process that includes thermal processing at a thermal processing 
station, the thermal processing comprising thermally treating the electroplated copper by 
establishing a temperature gradient through the electroplated copper having a maximum 
gradient temperature of about 60 degrees Celsius to about 100 degrees Celsius for no 
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longer than 15 minutes, thereby reducing resistivity of the copper and reducing voids 
which may be present in the copper. 

h Is 

148. The method of Claim \}n further comprising removing the excess copper 
after the thermal processing. 

Vf4 The method of Claim wherein the excess copper is removed via chemical 
mechanical polishing. 

426. The method of Claim ^yf wherein the workpiece is thermally treated with a 
plurality of other workpieces in batch processing fashion. 

ipf. The method of Claim \jj/f wherein the workpiece is thermally treated by 
flowing a temperature-controlled fluid over a surface of the workpiece. 

The method of Claim J21 wherein the temperature-controlled fluid comprises 

a gas. 

123. The method of Claim 1^ wherein the temperature-controlled fluid comprises 
a cooling fluid. 

ft, \ 

p< The method of Claim yyt wherein the workpiece is thermally treated by 
radiant heating. 

IS- \ 

i25T The method of Claim yr7 wherein the workpiece is thermally treated by a hot 

plate. 

& It 

}26. The method of Claim yn further comprising sensing a control temperature 
and controlling heating of the workpiece in response to the sensed temperature. 

Vtt. The method of Claim J26 wherein the control temperature is a temperature of 
^ a coolant fluid after the fluid is brought into thermal contact with the workpiece. 
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J2B. The method of Claim Wl wherein the temperature in the temperature 
gradient decreases in a direction outwardly from the filled recessed microstructure toward 
the excess copper. 

The method of Claim 1^ wherein the temperature gradient induces a stress 
gradient in the electroplated copper. 

|30. A method of treating a workpiece having a base having a surface, a dielectric 
layer carried on the surface of the base, and recessed sub-micron structures formed in the 
dielectric layer, comprising: 

depositing a conductive seed layer exterior to the dielectric layer and in the 
recessed sub-micron structures; 

contacting the seed layer with a copper-containing electroplating solution; 

applying electroplating power to the seed layer to electrolytically deposit copper 
metal from the electroplating solution to substantially fill the recessed sub-micron 
structures and to deposit excess copper metal which extends beyond an exterior surface of 
the dielectric layer; then 

subjecting the electroplated workpiece to an elevated temperature annealing 
process comprising establishing a temperature gradient in which the temperature 
decreases in a direction moving outwardly from the base toward the dielectric layer, the 
annealing process having a maximum gradient temperature which is no greater than about 
250 degrees Celsius. 

The method of Claim wherein the maximum temperature of the annealing 
process is at or below about 1 00 degrees Celsius. 

122. The method of Claim wherein the maximum temperature of the annealing 
process is between about 60 degrees Celsius and about 100 degrees Celsius. 

The method of Claim wherein the workpiece is subjected to the 
annealing process for no longer than 15 minutes. 
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y&\. The method of Claim ^>8t wherein the workpiece is subjected to the 
annealing process for less than one minute. 

The method of Claim J#?f further comprising depositing a barrier layer on the 
dielectric layer and in the sub-micron structures prior to depositing the seed layer. 

13€( The method of Claim 1^ wherein the temperature gradient induces a stress 
gradient in the electroplated copper. 

13^. The method of Claim jj?wherein the electroplating power is initially applied 
at a first current for a predetermined first period of time, then applied at a higher second 
current for a predetermined second period of time. 



38. The method of Claim ^3Cf wherein the electroplating power is applied as a 
direct current. 

)39. The method of Claim \9o wherein the electroplating power is applied as a 
pulsed waveform at e frequency of between 1 and 1000 Hz. 



30 ZA, 

The method of Claim wherein the frequency of the pulsed waveform is 

between 5 and 20 Hz with a duty cycle of at least 50 percent. 

The method of Claim 1^0 wherein the workpiece is spun while electroplating 
power is applied. 

yd. The method of Claim 130 further comprising removing the excess copper 
after the workpiece is subjected to the elevated temperature annealing process. 

yG. (Amended) A method of treating a microelectronic workpiece having a base 
having a surface including a sub-micron recessed microstructure, comprising: 

contacting the surface of the workpiece with a copper-containing electroplating 

solution; 
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applying electroplating power at a first power level for a first period of time, then 
applying electroplating power at a higher second power level for a time sufficient to 
substantially fill the recessed sub-micron structures with electroplated copper metal and to 
deposit excess copper metal above the sub-micron recessed microstructures; then 

subjecting the electroplated workpiece to an elevated temperature annealing 
process comprising establishing a temperature gradient through the electroplated copper 
metal in which the temperature decreases in a direction moving outwardly from the base 
toward the workpiece surface, the annealing process having a maximum gradient 
temperature which is no greater than about 250 degrees Celsius. 

33, 

J^4. The method of Claim 1^3 wherein the maximum temperature of the annealing 
process is at or below about 100 degrees Celsius. 

1^5. The method of Claim wherein the maximum temperature of the annealing 
process is between about 60 degrees Celsius and about 100 degrees Celsius. 

l^o. The method of Claim 143 wherein the workpiece is subjected to the 
annealing process for no longer than 15 minutes. 

j^f. The method of Claim y& wherein the workpiece is subjected to the 
annealing process for less than one minute. 

The method of Claim \#$ further comprising depositing a barrier layer on the 
dielectric layer and in the sub-micron structures prior to depositing the seed layer. 

1>ra. The method of Claim 1^3"wherein the temperature gradient induces a stress 
gradient in the electroplated copper. 

1£0. The method of Claim J43 wherein the seed layer is contacted with the 
electroplating solution for a predetermined dweil period before the electroplating power is 
applied. 
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181. The method of Claim >43 wherein the electroplating power is applied as a 
direct current. 

a52. The method of Claim 1>3 wherein the electroplating power is applied as a 
pulsed waveform at a frequency of between 1 and 1 000 Hz. 

j£3. (Amended) The method of Claim 1SZ wherein the frequency of the pulsed 
waveform is between 5 and 20 Hz with a duty cycle of at least 50 percent. 

Mr 

\p4. The method of Claim yd wherein the workpiece is spun while electroplating 
power is applied. 

l5^5. The method of Claim 14^ further comprising removing the excess copper 
after the workpiece is subjected to the elevated temperature annealing process. 

tBB. (Amended) A method of treating a microelectronic workpiece having a base 
having a surface including a sub-micron recessed microstructure, comprising: 

contacting the surface of the workpiece with a copper-containing electroplating 

solution; 

applying electroplating power to the workpiece in a pulsed waveform having a 
frequency of between about 1 and 1000 Hz to substantially fill the recessed sub-micron 
structures with electroplated copper metal and to deposit excess copper metal above the 
sub-micron recessed microstructures; then 

subjecting the electroplated workpiece to an elevated temperature annealing 
process comprising establishing a temperature gradient through the electroplated copper 
in which the temperature decreases in a direction moving outwardly from the base toward 
the surface of the workpiece, the temperature gradient having a maximum gradient 
temperature which is no greater than about 250 degrees Celsius. 

\prt. The method of Claim 1^6 wherein the frequency of the pulsed waveform is 
between 5 and 20 Hz with a duty cycle of at least 50 percent. 
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1 p6. The method of Claim J£6 wherein the maximum temperature of the annealing 
process is at or below about 100 degrees Celsius. 

)9. The method of Claim )#6 wherein the maximum temperature of the annealing 
process is between about 60 degrees Celsius and about 100 degrees Celsius. 



>59 



1^$. The method of Claim wherein the workpiece is subjected to the 
annealing process for no longer than 15 minutes. 

yfi. The method of Claim JjSe wherein the workpiece is subjected to the 
annealing process for less than one minute. 



The method of Claim ^6B wherein a dielectric is carried on a surface of the 
base, the sub-micron recessed microstructures being formed in the dielectric layer, the 
method further comprising depositing a conductive seed layer exterior to the dielectric 
layer and in the sub-micron recessed microstructures. 



The method of Claim \pfl further comprising depositing a barrier layer on the 
dielectric layer and in the sub-micron structures prior to depositing the seed layer. 

cfr 52- 

JjS<! The method of Claim wherein the electroplating power is applied to the 
seed layer. 

1£5. The method of Claim 1£6 wherein the temperature gradient induces a stress 
gradient in the electroplated copper. 

The method of Claim 1^ wherein the seed layer is contacted with the 
electroplating solution for a predetermined dwell period before the electroplating power is 
applied. 

\jft . The method of Claim yfe wherein the electroplating power is applied as a 
direct current. 
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1J8B. The method of Claim ^So wherein the electroplating power is initially applied 
at a first current for a predetermined first period of time, then applied at a higher second 
current for a predetermined second period of time. 

\69. The method of Claim wherein the workpiece is spun while electroplating 
power is applied. 

The method of Claim further comprising removing the excess copper 
after the workpiece is subjected to the elevated temperature annealing process. 

t?1. A method of processing a microelectronic workpiece having a surface 
including a sub-micron recessed microstructure and a conductive seed layer in the sub- 
micron recessed microstructure, comprising: 

electroplating copper at an electroplating ctation to substantially fill the recessed 
microstructure and to deposit excess copper w'.iich extends above the sub-micron 
recessed microstructure; 

robotically transferring the workpiece from the electroplating station for further 
processing; 

removing the excess copper as one of the further processes; and 
thereafter, robotically transferring the workpiece to a thermal processing station 
to thermally treat the electroplated copper by establishing a temperature gradient in the 
electroplated copper having a maximum temperature of about 60 degrees Celsius to about 
100 degrees Celsius for no longer than 15 minutes, thereby reducing resistivity of the 
copper and reducing voids which may be present in the copper. 

The method of Claim ;l7fwherein the excess copper is removed via chemical 
mechanical polishing. 

^73. The method of Claim wherein the microelectronic workpiece is thermally 
treated with a plurality of other semiconductor workpieces in batch processing fashion. 

}Z4. The method of Claim yr\ wherein the microelectronic workpiece is thermally 
treated by flowing a temperature-controlled fluid over a surface of the workpiece. 
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175. The method of Claim wherein the temperature-controlled fluid comprises 

a gas. 

^76. The method of Claim 1/4 wherein the temperature-controlled fluid comprises 
a cooling fluid. 



yn. 



The method of Claim >K wherein the semiconductor workpiece is thermally 
treated by radiant heating. 

The method of Claim XJA wherein the semiconductor workpiece is thermally 
treated by a hot plate. 

179. The method of Claim further comprising sensing a control temperature 
and controlling heating of the workpiece in re-'\o-x".o=; tc tho sensed tsnp-erature. 

The method of Claim 179 wherein the control temperature is a temperature of 
a coolant fluid after the fluid is brought into themsl contact with the workpiece. 

Itin. The method of Claim wherein the temperature in the temperature 
gradient decreases in a direction outwardly from the filled recessed microstructure toward 
the excess copper. 

182. The method of Claim XJA wherein the temperature gradient induces a stress 
gradient in the electroplated copper. 



183-185. (Canceled) 

Ijiill. (New) A method of treating a microelectronic workpiece having a base 
having a surface including a sub-micron recessed microstructure, comprising: 

contacting the surface of the workpiece with a copper-containing electroplating 

solution; 

applying electroplating power at a first power level for a first period of time, then 
applying electroplating power at a higher second power level for a time sufficient to 
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substantially fill the recessed sub-micron structures with electroplated copper metal and to 
deposit excess copper metal above the sub-micron recessed microstructures; then 

subjecting the electroplated workpiece to an elevated temperature annealing 
process for a time sufficient to reduce resistivity of the electroplated copper metal. 

jj9r. (New) The method of Claim 1,86 wherein a maximum temperature of the 
annealing process is at or below about 250 degrees Celsius. 

1-88. (New) The method of Claim 1£6 wherein a maximum temperature of the 
annealing process is at or below about 100 degrees Celsius. 

A lis 

1j3Q. (New) The method of Claim 1>8S wherein a maximum temperature of the 
annealing process is between about 60 degrees Celsius and about 100 degrees Celsius. 

1j#. (New) The method of Claim 1^6 wherein the workpiece is subjected to the 
annealing process for no longer than 15 minutes. 

I^f. (New) The method of Claim lj3 wherein the workpiece is subjected to the 
annealing process for less than one minute. 

13 1 5 

\yt. (New) The method of Claim 1^6 further comprising depositing a barrier layer 
on the dielectric layer and in the sub-micron structures prior to depositing the seed layer. 

196. (New) The method of Claim 1£6 wherein the annealing process comprises 
establishing a temperature gradient through the electroplated copper metal in which the 
temperature decreases in a direction moving outwardly from the base toward the 
workpiece surface, the temperature gradient inducing a stress gradient in the electroplated 
copper. 

ySA. (New) The method of Claim 106 wherein the seed layer is contacted with the 
electroplating solution for a predetermined dwell period before the electroplating power is 
applied. 
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1J&6. (New) The method of Claim jJB6 wherein the electroplating power is applied 
as a direct current. 

>96. (New) The method of Claim 186 wherein the electroplating power is applied 
as a pulsed waveform at a frequency of between 1 and 1000 Hz. 

f97. (New) The method of Claim *96 wherein the frequency of the pulsed 
waveform is between 5 and 20 Hz with a duty cycle of at least 50 percent. 

Ife (New) The method of Claim 1^ wherein the workpiece is spun while 
electroplating power is applied. 

fit !> 

tS9. (New) The method of Claim 1,86 further comprising removing the excess 
copper after the workpiece is subjected to the elevated temperature annealing process. 

20u. (New) A method of treating a microelectronic workpiece having a base 
having a surface including a sub-micron recessed microstructure, comprising: 

contacting the surface of the workpiece with a copper-containing electroplating 

solution; 

applying electroplating power to the workpiece in a pulsed waveform having a 
frequency of between about 1 and 1000 Hz to substantially fill the recessed sub-micron 
structures with electroplated copper metal and to deposit excess copper metal above the 
sub-micron recessed microstructures; then 

subjecting the electroplated workpiece to an elevated temperature annealing 
process for a time sufficient to reduce resistivity of the electroplated copper metal. 

£01. (New) The method of Claim £00 wherein the frequency of the pulsed 
waveform is between 5 and 20 Hz with a duty cycle of at least 50 percent. 

(New) The method of Claim jrfb wherein a maximum temperature of the 
annealing process is at or below about 250 degrees Celsius. 
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203. (New)The method of Claim 200 wherein a maximum temperature of the 
annealing process is at or below about 100 degrees Celsius. 

2B4. (New) The method of Claim 2p6 wherein a maximum temperature of the 
annealing process is between about 60 degrees Celsius and about 100 degrees Celsius. 

y&>. (New) The method of Claim g0O wherein the workpiece is subjected to the 
annealinr process for no longer than 15 minutes. 



206. (New) The method of Claim 2?0 wherein the workpiece is subjected to the 



annealing process for less than one minute. 

2JQ7. (New) The method of Claim £00 wherein a dielectric is carried on a surface 
of the base, the sub-micron recessed microstructures being formed in the dielectric layer, 
the method further comprising depositing a conductive seed layer exterior to the dielectric 
layer and in the sub-micron recessed microstructures. 

268. (New) The method of Claim t©£ further comprising depositing a barrier layer 
on the dielectric layer and in the sub-micron structures prior to depositing the seed layer. 

209. (New) The method of Claim J£2 wherein the electroplating power is applied 
to the seed layer. 

2#J. (New) The method of Claim 2&0 wherein the annealing process comprises 
establishing a temperature gradient through the electroplated copper metal in which the 
temperature decreases in a direction moving outwardly from the base toward the 
workpiece surface, the temperature gradient inducing a stress gradient in the electroplated 
copper. 

(New) The method of Claim ^00 wherein the seed layer is contacted with the 
electroplating solution for a predetermined dwell period before the electroplating power is 
applied. 
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